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Here we show that horizontal transfer of DNA, extracted from transgenic sugar beets, to bacteria, based on
homologous recombination, can occur in soil. Restoration of a 317-bp-deleted nptIl gene in Acinetobacter sp.
strain BD413(pFG4) cells incubated in sterile soil microcosms was detected after addition of nutrients and
transgenic plant DNA encoding a functional nptII gene conferring bacterial kanamycin resistance. Selective
effects of the addition of kanamycin on the population dynamics of Acinetobacter sp. cells in soil were found, and
high concentrations of kanamycin reduced the CFU of Acinetobacter sp. cells from 10’ CFU/g of soil to below
detection. In contrast to a chromosomal nptIl-encoded kanamycin resistance, the pFG4-generated resistance
was found to be unstable over a 31-day incubation period in vitro.

Bacterial antibiotic resistance markers are the most fre-
quently inserted genes in transgenic plants. However, the re-
sistance genes do not encode desirable traits in commercially
used plant varieties. Of the 15 different resistance genes incor-
porated into plants (17, 30), several encode resistance to clin-
ically used antibiotics. Since plant DNA has been shown to
persist in soil over extended periods of time (8, 25, 38, 39),
concerns that these transgenes may spread horizontally to bac-
teria have been raised (17, 18, 22, 29). Sequence comparisons
of genes isolated from wild plants and bacteria have indicated
that horizontal gene transfer has occurred naturally between
them (13, 32). Moreover, whole-genome analyses of bacteria
suggest horizontal transfer of genetic material to be common
and a major force in bacterial evolution (14, 40).

One mechanism of gene transfer that allows uptake of ge-
netic material from diverged species in bacteria is natural
transformation, which facilitates uptake of naked DNA in
competent bacteria (15). Based on this mechanism, several
laboratory studies have been conducted to elucidate the po-
tential for plant-harbored resistance determinants to be taken
up by naturally occurring bacterial recipients (2, 3, 21, 28).
These studies have, however, not been able to demonstrate
uptake of such determinants, nor have studies of bacteria ob-
tained from soil samples from field trials with transgenic plants
(8, 25). Detection of horizontal transfer in these studies relied
upon the uptake of expressed and selectable genes in the
bacterial recipients grown under optimized conditions or a
positive DNA hybridization signal or PCR amplification of
plant transgenes in the bacterial fraction of soil. However,
direct analyses of DNA from soil samples often fail to dem-
onstrate integration of plant transgenes into bacterial ge-
nomes. Transfer of smaller DNA fragments or nonexpressed
or nonselected genes would rarely be detected in these studies.

Recently, uptake of transgenic plant-harbored DNA frag-

* Corresponding author. Present address: D. Hartl Laboratory, De-
partment of Organismic and Evolutionary Biology, Harvard Univer-
sity, 16 Divinity Ave., Cambridge, MA 02138. Phone: (617) 496-5540.
Fax: (617) 496-5854. E-mail: knielsen@oeb.harvard.edu.

1237

ments by bacteria based on restoration of a partially deleted
(10- or 317-bp internal deletion) bacterial kanamycin (KM)
resistance gene (nptll) after recombination with transgenic
plant-inserted homologues was demonstrated (5, 7). By expos-
ing the naturally transformable bacterium Acinetobacter sp.
strain BD413 to DNA isolated from transgenic sugar beet
plants, these groups showed that the bacterium can access
plant DNA under optimized in vitro conditions if homologous
stretches of DNA are present. Studies done under optimized in
vitro conditions often have little relevance to natural systems
such as soil. For instance, agricultural soils are continually
exposed to DNA from decaying plant material. In this study,
we demonstrate that horizontal transfer of DNA isolated from
transgenic sugar beet (Beta vulgaris) plants to bacteria, based
on homologous recombination, can occur in sterile soil micro-
cosms. Since the numbers of transformants generated in soil is
expected to be very low, a selective advantage for their enrich-
ment and, hence, environmental significance is needed. In this
study we have therefore also determined the effects of increas-
ing kanamycin concentrations on the population dynamics of
transformant and recipient Acinetobacter sp. strain BD413 cells
in soil and liquid soil suspension. In addition, the in vitro
stability of the kanamycin-resistant bacterial phenotypes was
determined over a 31-day period.

Recipient preparation and isolation of donor DNA. The
gram-negative soil bacterium Acinetobacter sp. strain BD413
(pFG4) with a 317-bp deletion in the plasmid-harbored nptIl
gene was used as the recipient in all transformations (7, 11).
The recipient inoculum was prepared as described by Nielsen
et al. (19, 23). Portions of 100 pl (108 CFU per ml of water)
were used for each filter and soil microcosm. For enumeration
of CFU, aliquots were spread on solidified LB medium (19)
supplemented with the antibiotics (all at 50 wg ml~*) rifampin
(chromosomally encoded resistance), ampicillin (pFG4 en-
coded resistance), and KM (pFG4-encoded resistance) for se-
lection of transformants and incubated at 30°C for 3 days. Each
experiment was repeated and done in triplicate or more on
three to eight agar plates. Transgenic sugar beets containing a
functional nptIl gene (16) were used for purification of donor
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DNA. The transgenic sugar beet insert contained, from the left
border of the T-DNA, the bar gene, the bidirectional promoter
Tr1/Tr2, the nptll gene, the 3" ocs terminator, the cAMV35S
promoter, and the cpBNYV'V gene (see references 7 and 21 for
a further description of the transgenic plant material). DNA
from conventionally grown sugar beets from adjacent field sites
was used as a control. The plant DNA, isolated according to
Trinker et al. (34), was reextracted with phenol-chloroform
and chloroform and precipitated with isopropanol and ethanol
before quantification on a UV spectrophotometer and DNA
fluorimeter.

Transformations on filters and in soil microcosms. Filter
and soil transformations were done as described in Nielsen et
al. (19, 20). For filter transformation with purified transgenic
plant DNA, 100 pl of a DNA solution (at concentrations of 10,
40, 80, and 160 wg DNA per 160-pl solution) was mixed with
the bacterial inoculum. As controls, we used DNA from non-
transgenic plants mixed with the inoculum and transgenic plant
DNA only to check for sterility. A Flevo silt loam soil, sampled
from microplots in Wageningen, The Netherlands, sterilized by
gamma irradiation (4 megarads) with a ®°Co source (Gammas-
ter BV, Ede, The Netherlands) was used for all microcosm
studies (35). The sterile soil microcosms consisted of polypro-
pylene cylinders of 1-cm® volume and 7 mm tall filled with 1.2 g
(dry weight) of Flevo silt loam soil (see references 19 and 20
for a detailed description of the soil microcosms). After addi-
tion of the inoculum by careful distribution of the solution on
top of the columns, the microcosms with the adsorbed bacterial
suspension were incubated for 24 h before water or nutrients
(100 pl) were administered similarly; purified DNA was added
after a further 1-h incubation. In addition to water, two dif-
ferent nutrient solutions were used. Nutrient solution A has
previously been described (20) and contained 2% lactic acid in
addition to 5X M9 minimal medium salts with a 25X concen-
tration of P salts. Solution B has been modified from A to
include half-strength salt solution, different organic acids
(0.2% each of acetate, lactate, citrate, tartrate, and succinate),
and in addition the amino acids glutamic acid, proline, alanine,
glycine, leucine, serine, arginine, glutamine, and valine at an
amount corresponding to 25 times the concentration found per
gram of maize rhizosphere soil (see reference 12). Following a
24-h transformation period at 20 or 30°C, the microcosms were
sampled as described previously (20), and CFU were enumer-
ated after a 72-h incubation period at 30°C. As controls, those
described for the filter transformations were used and, in ad-
dition, transgenic sugar beet DNA was added to soil micro-
cosms containing bacterial inoculum, nutrient-stimulated for
24 h at the time of plating, to check for the occurrence of plate
transformants; no Km" colonies were found in these experi-
ments. Since sampling of bacterial cells was normally done at
least 24 h after addition of DNA to the soil microcosms, our
experimental procedures did not encourage transformants to
occur during the plating procedure. Previous studies have
shown that chromosomal DNA incubated in sterile soil for
over 6 h was not available as a source of transforming DNA to
competent Acinetobacter sp. strain BD413 cells (19, 23). PCR
amplification spanning the partially deleted or repaired nptIl
gene on plasmid pFG4 was used to confirm the restoration of
the nptll gene in restreaked transformants of Acinetobacter sp.
cells. The sequences were amplified by the method described
by Hofmann and Brian, (10) with primer set P1 and P2: P1
(1236), 5" TGC TAA AGG AAG CGG AAC 3'; P2 (2929), 5’
AGG TCA ACA GGC GGT AAC 3’ (7). The primers were
designed to amplify the Tn5 region 1236 to 2929, which in-
cludes the nptIl promoter, the complete nptIl gene, and the
bleo gene present on pFG4 in the Acinetobacter sp. cells. As
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FIG. 1. Natural transformation and restoration of a 317-bp internal deletion
in the nptll gene in Acinetobacter sp. strain BD413(pFG4) cells incubated on
nitrocellulose filters with increasing concentrations of transgenic sugar beet
DNA. T bars, standard deviations.

described above, the transgenic sugar beet insert contained the
nptll gene expressed with a different promoter and terminator
region. PCR signals were not obtained from the transgenic
plant material with these primers (data not shown). PCR con-
ditions were applied as described previously (7, 23).

Selective effects of KM in soil and soil suspensions. For
studies on the selective effects of KM in sterile soil, micro-
cosms with inoculated Km® (recipients) or Km" (transfor-
mants) Acinetobacter cells (inoculated as described for the soil
transformation studies) were treated with 100 wl of KM at
concentrations of 0, 5, 12, 20, 50, and 100 mg ml of water ™.
After a further 24 h of incubation at room temperature, the
microcosms were sampled as described for the soil transfor-
mation studies. To monitor the selective effects of KM in liquid
soil suspensions, inoculated microcosms (see above) were sus-
pended in 2 ml of LB medium with 1 g of gravel added
(“aquarium sand,” 2 to 4 mm in diameter, to aid in the sus-
pension of soil particles) and the following antibiotics: ri-
fampin, 100 wg ml~*; ampicillin, 100 wg ml~*; and 0, 10, 15, 20,
25, 50, and 100 mg of KM dissolved in 1 ml of water. The soil
suspension was incubated at 27°C with shaking (180 rpm) for
24 h before sampling and enumeration of CFU. Numbers of
replicates and repeats were as described for the soil transfor-
mations.

To determine the saturation level of transgenic plant DNA
for transformation of Acinetobacter sp. strain BD413(pFG4)
cells, increasing amounts of DNA were mixed with the recip-
ient bacteria and incubated for 24 h on nitrocellulose filters
(Millipore, Bedford, Mass.). As shown in Fig. 1, saturation for
transformation was reached at a concentration of approxi-
mately 100 pg of DNA per 4 X 10° recipient CFU per filter.
This DNA concentration, corresponding to the amount found
in approximately 6.4 g of fresh plant leaves (producing 1 trans-
formant per 2.9 mg of plant material or 11,600 copies of the
nptll gene) (1, 5), was used for all the transformation studies in
soil microcosms. de Vries and Wackernagel (5) obtained
roughly the same numbers of transformants per microgram of
plant DNA added when transforming Acinetobacter sp. strain
BD413 cells in liquid cultures. However, they reported satura-
tion of transformation to occur at a DNA concentration of 5
pg per 20 ml of liquid bacterial suspension. Since the number
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of recipient CFU was similar in both studies (4 X 10° to 5 X LB LEE 222 o
10°), our 20-fold-higher number of transformants was also w2228y m| 5558 & <
reflected in the correspondingly higher transformation fre- ELEEREES|887 g &
quency of 5.7 X 10~ 7 on solidified medium compared to that of E2gCgas s o S -
2.0 X 1078 obtained in liquid culture (5). e EER>T -
As shown in Table 1, noncompetent (19, 20) Acinetobacter £22¢%e g P —
sp. strain BD413 cells residing in sterile soil microcosms for g & FE25% Z
24 h could, after addition of nutrients, be induced to integrate '\fi e 8 sg g - = g
a bacterial marker gene inserted in transgenic sugar beets by b g2 ;5‘ gg N @% g
homologous recombination. Both of the nutrient solutions i E g gz g gfg‘ Le%ics 2
used to stimulate competence development in Acinetobacter sp. T SEFERg T s 5}
strain BD413 populations contained inorganic salts and, in % g"g‘:i 2 X8 s g
addition, simple organic compounds corresponding to those S S22gg ;3 =
which have been frequently detected in the rhizosphere of £z ‘”&.E%g 2 -
various plants (4, 6, 12, 27). As seen from Table 1, solution B 2 JdoTERT|RERG 2
was efficient at inducing Acinetobacter sp. cells to higher trans- 2 = E ER E, 2232 |~% 8
formation frequencies in soil microcosms. At 20°C, water or 7 Ef orE iR g-g 22
nutrient solution A was not able to promote transformation of S oEI|XXx |7 éf, | 8
the recipient with the transgenic sugar beet DNA. However, i:fﬂ 282|233 3l
when solution A was provided to bacteria incubated in sterile c S So% g | &g
soil for only 1 h, transformants were seen at a frequency of %2 %3 2 = _g‘ >
2.2 X 1078, After 24 h of incubation in soil microcosms at a wE = EE 2 £E5
temperature of 30°C, both nutrient solutions A and B were §g EEZ|_OA|sm 5 g RS
able to generate transformants of Acinetobacter sp. cells (Table 53 B SE|eom 2 % s é o
1), producing up to 1.4 X 10~® transformants per recipient, S2 o goo | XXXIEZI* Z&
which corresponds to 1.2 X 1077 transformants per plant- ;; § sxR=lessS Q*%’ Et g
harbored copy of the nptII gene. Water was not able to induce g5 SEE|CCC| O c 3
any transformants in our studies, nor was nontransgenic plant Sz B¢ i 5 &
DNA, soil microcosms with only nutrients and inoculum = g z7& E%®
added, or soil microcosms with nutrient-stimulated bacteria =& E ég 2 g @ a
and transgenic sugar beet DNA added at the time of sampling. °n FRElo 2 5 5
R . . o ! 3 SN
The latter control indicated that transformation did not occur S E¥=|3 g3 2 &
on the selective plates. The restoration of the nptIl gene in 55 Fme Y 2E B ]
some of these randomly picked colonies was revealed by PCR 95 gE8| = g - S
. . . . . - o £ @® Q9 | o = & S
amplification (Fig. 2). Inoculation of GN-Biolog plates, quan- 8¢ Sesz| ) g ¢ 8
tified on a Biolog MicroLog station (Biolog Microlog3; Biolog, g Z. = e
Inc, Hayward, Calif.), with transformants also revealed that 2g &R o 2®
their metabolic pattern was indistinguishable from the one gg =8 :g 8 o &8
obtained from the inoculant strain. TF EES|wn | _E § E
Transformation of Acinetobacter sp. strain BD413(pFG4) B ES i RS Q% ;’%ﬁ
cells with transgenic sugar beet DNA was not detected in E foz%k il =t R
nonsterile soil microcosms (data not shown). In previous gene 5 U% A § » 2
transfer studies with homologous bacterial DNA in sterile and s 3:& ’g’ )
nonsterile soil microcosms, a 10- to above 100-fold drop in the d Bzsz gg
transformation frequencies has been observed with the change g 88° | v gq
from sterile to nonsterile soil conditions (19). Thus, we infer 3 < E &l wriv o ’;i =
that the transformation frequencies of Acinetobacter sp. cells in . %% § E,S\’S\ ag T3
nonsterile soil microcosms, given similar purified transgenic % ces oo | 8% o=
plant DNA and nutrient conditions, would be at a level of g S&= i ﬁ i Tz ®| SR
107'% to 10~ transformants per recipient. Transformations g 22 === S| %s
occurring with this efficiency were below our limit of detection s % & g "
(Table 1), and the identification of such events in nonsterile % e ra’:‘ g
soil, using the same experimental setup as for the sterile soil, ¢ 3 ; A 308 &
would require screening of approximately 20,000 agar plates. 5 =1 To2| g5 g =
We emphasize that the estimates proposed here are based & £5 XX x|E¢T E; 5
upon integration of the transgenic plant-harbored marker 5 fg = 5 g g
genes into the bacterial chromosome after homologous recom- 5 7 E o % 6| &8 2
bination, using purified transgenic plant DNA. Experimental E §'§ =
studies by our groups (21) and others (2, 3, 28) have confirmed g g& E
the low probability of integration of transgenes in recipient g g§= . 5 g
bacteria if DNA homology is not present. Bacterial genes and B g ; o o g 2
vector sequences are however present in most transgenic g8 g8 == % a
plants (see Table 3 in reference 22). Strictly homology-based 5 52 |l |£ g =
recombination of plant transgenes in competent bacteria is EA-1 X X =B R
unlikely to cause any environmental effect due to the already 2 gg == &) =

existing homologues in the bacterial chromosomes; however, g 28 L S
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FIG. 2. PCR amplification of the Tn5 region 1236 to 2929, which includes the
nptll promoter, the complete nptll gene, and the bleo gene of pFG4, demon-
strating the presence of the restored nptll gene construct in the transformant
colonies and the 317-bp partially deleted gene in the recipient bacterium. Lane
1 from the left side, 1-kb ladder (Gibco-BRL); lane 2, Acinetobacter sp. strain
BD413(pFG4) Km?; lane 3, Acinetobacter sp. strain BD413(pFG4) Km"; lane 4,
Acinetobacter sp. strain BD413(pFG4) Km® recipient; lane 5 to 16, Acinetobacter
sp. strain BD413(pFG4) Km" transformants obtained with transgenic npt/I-con-
taining sugar beet DNA.

studies of gene transfer by natural transformation in compe-
tent bacteria have revealed that additive integration of nonho-
mologous genetic material can occur at high frequencies when
flanking homology is present. For instance, in Acinetobacter sp.
cells, uptake and integration, by natural transformation, of
three nonhomologous foreign genes (nptll, cryIVb, and aadB)
occurs, when flanking homologous bacterial DNA is present, at
frequencies (transformants per recipient) up to 1% in vitro and
1077 in nonsterile soil (19, 20). Thus, the presence in trans-
genic plants of various prokaryotic markers and vector se-
quences may facilitate additive insertion of foreign genetic
material into bacterial hosts after homology-based heterodu-
plex formation.

Due to the expected low level of formation of transformants
in soil, random genetic drift and selection (see below) may
contribute to their possible amplification and hence environ-
mental significance. Stability of the acquired resistance trait
would be a prerequisite for random genetic drift to fixation.
Stability in vitro of the Km" phenotype in Acinetobacter sp.
strain BD413(pFG4) bearing restored KM resistance was com-
pared to the stability of the Km" phenotype of Acinetobacter sp.
strain BD413 with a chromosomally inserted nptlI gene (19).
Both resistant strains were inoculated (six replicates) in sepa-
rate aliquots of 5 ml of nonselective LB medium and incubated
at 27°C with agitation (180 rpm). The aliquots were sampled
after 0, 5, 21, and 31 days on LB plates with or without KM (50
mg/liter), and CFU were enumerated after 72 h. As shown in
Fig. 3, the Km" phenotype in the strain harboring a chromo-
somally inserted nptll gene was stable, without selection, once
the resistance trait had been acquired. The Km" phenotype in
the strain harboring the restored pFG4 plasmid was in contrast
unstable and resistance was partially lost during the long-term
incubation. The loss of KM resistance could be shown to be
accompanied by a loss of the plasmid-encoded ampicillin re-
sistance, suggesting that the altered Km* phenotype seen was
caused by plasmid instability.

KM-resistant bacteria, but not nptll-encoded phenotypes
(31), are abundant in natural soils (found at levels of 10°
CFU/g of soil), suggesting a possible selection of this pheno-
type in the soil environment. Despite this observation, the
natural occurrence of antibiotics, like KM, in soil has been
difficult to quantify, and the selective effects and role of anti-
biotics in soil remain unclear (24, 33, 36, 37). To our knowl-
edge, no studies have detected KM in natural soil, and the
antibiotic has been suggested to be inactivated in soil due to
binding to clay minerals (9). Putative selective effects of KM on
Km® (recipients) or Km" (transformants) Acinetobacter sp. cells
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FIG. 3. Stability of KM-resistant phenotypes of Acinetobacter sp. strain
BD413(pFG4::nptIl) (circles) and Acinetobacter sp. strain BD413 chr::nptlI (tri-
angles) in liquid LB medium measured after plating on KM-free (open symbols)
and KM-containing (filled symbols) LB medium. T bars, standard deviations.
CFU are per 5 ml.

in sterile soil microcosms were investigated in this study by
administering increasing amounts of the antibiotic to the inoc-
ulated microcosms. As seen from Fig. 4a, the addition of up to
8.3 mg of KM (per g [dry weight] of soil) did not substantially
influence the survival of Km" Acinetobacter sp. cells in soil. In
contrast, the Km?® cells were susceptible to the selective effects
of the KM. However, only high amounts of KM reduced the
number of recipients substantially over a 24-h period. The
addition of up to 4.2 mg of KM reduced the CFU numbers less
than fivefold, whereas a 1,100-fold drop of the recipient CFU
was seen when 8.3 mg of KM was added. The latter addition is
close to the upper limit of administering liquid KM in soil and
equals 100 pl of a 100-mg ml~' KM stock solution per 1.2 g
(dry weight) of soil. As seen from Fig. 4a, 8 X 10* CFU of Km*®
bacteria were still present in soil after this KM amendment and
a 24-h selection period. To reveal if it was possible to obtain
stronger selective effects of KM on soil bacteria, the micro-
cosms were suspended in a total of 3 ml of liquid medium. This
facilitated the addition of 10-fold-higher concentrations of KM
to the bacterial suspension. Although negative selective effects
of this high KM amendment were seen for the Km" transfor-
mants, with a 540-fold reduction in CFU from 0 to 42 mg of
KM added per g of dry soil (Fig. 4b), the same 42-mg addition
of KM to the soil suspension with Km® bacteria reduced their
CFU from 4.6 X 10° to below detection over a 24-h period of
selection. Reactivation of the selective effects of KM, inacti-
vated after distribution and incubation in soil microcosms,
after suspension of the soil in liquid culture was not seen (data
not presented). Oliveira et al. (24) investigated the effects of
KM amendment in soil microcosms on detection of Tn5
(nptIl)-carrying Pseudomonas fluorescens. Addition of 0.018 or
0.18 mg of KM g of dry soil ' had no noticeable effect on the
survival of the inoculated bacteria. Thus, both studies confirm
that the addition of high levels of KM does not substantially
influence the population dynamics of resistance-carrying bac-
teria in different soil microcosms. In contrast to Oliveira et al.
(24) we were able to see effects of the added antibiotic on
KM-sensitive bacteria after a 24-h incubation period in sterile
soil, but only after high levels of antibiotic amendment: 8 to 42
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mg of KM g of soil ™!, corresponding to a 1,000-fold-higher
concentration than normal amendment in bacterial media.

Based on the above studies with sterile soil microcosms
regarding the effects of KM amendment on the population
dynamics of Acinetobacter sp. cells, the earlier reported rapid
KM inactivation by clays, and the apparent low presence of
KM in soil, we suggest that natural soil conditions rarely would
produce the selective pressure required for fixation of possible
transfers of the nptll gene from transgenic plants into the
recipient bacterium studied. However, we note that KM is able
to select for different phenotypes in sterile soil microcosms.
Furthermore, based on studies using purified DNA and sterile
soil conditions, we indicate that homologous recombination,
and possible additive integration, of bacterial marker genes
harbored in transgenic plants into competent soil bacteria like
Acinetobacter spp. may take place in soil and that the environ-
mental significance of such rare events depends upon selection
of the acquired character.
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